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AN ANTENNA ARRAY FOR RADAR ASTRONOMY STUDIES IN THE 
20 TO 55 M c  RANGE 
S U m Y  
The d i s c i p l i n e  of radar astronomy r e q u i r e s  an tennas  capab le  of handl ing  
large peak and ave rage  powers over a w i d e  f r equency  r ange ,  w h i l e  provid-  
i n g  b o t h  h igh  d i r e c t i v e  g a i n  and enough s t e e r a b i l i t y  to  i l l u m i n a t e  targets 
f o r  ex tended  p e r i o d s  of time. 
T h i s  r e p o r t  d i s c u s s e s  t h e  design and c o n s t r u c t i o n  of a branch-fed, 
va r i ab le -phase ,  20-60 m c  a r r a y  of 4 8  l og -pe r iod ic  e lements .  Phas ing  to  
c o n t r o l  beam d i r e c t i o n  is  desc r ibed  and t h e  c o r r e c t i o n  necessa ry  fo r  
i o n o s p h e r i c  r e f r a c t i o n  is  p resen ted  i n  t e r m s  of v e r t i c a l  i nc idence  c r i t i c a l  
f requency .  The a r r a y  g a i n  as measured by moon bounce t echn iques  is  
t o  be i n  good agreement w i t h  t h e  t h e o r e t i c a l  va lue .  
INTRODUCTION 
An antenna  a r r a y  has  been cons t ruc t ed  a t  S t a n f o r d  U n i v e r s i t y  f o r  
radar s t u d i e s  of t h e  moon, c i s l u n a r  gas, and solar corona.  The a r r a y  is 
des igned  to  hand le  500 k i l o w a t t s  of CW power i n  t h e  20 to 55 m c  range.  
I t  is  c u r r e n t l y  be ing  used w i t h  e i t h e r  a 300-kw or 50-kw average-power 
t r a n s m i t t e r ,  or  w i t h  bo th  s imul taneous ly .  These t r a n s m i t t e r s  are l i n e a r  
a m p l i f i e r s  and w i l l  produce 600 k i l o w a t t s  and 100 k i l o w a t t s  peak envelope  
power, r e s p e c t i v e l y .  
The lower VHF and upper  HF p o r t i o n  of t h e  spectrum w a s  chosen fo r  t h e  
a r r a y  t o  make p o s s i b l e  radar s t u d i e s  of sof t  targets such  as  t h e  solar 
corona  and t h e  i n t e r p l a n e t a r y  m e d i u m .  For example, w e  are i n t e r e s t e d  i n  
s t u d y i n g  t h e  p ropaga t ing  medium between t h e  e a r t h  and moon by measuring 
t h e  effects of t h e  m e d i u m  on moon-reflected s i g n a l s .  These effects va ry  
as A or A , and f o r  t h i s  r eason  t h e  lowest p o s s i b l e  f r equency  t h a t  
can e scape  f r o m  t h e  e a r t h ' s  ionosphere is  d e s i r a b l e .  The a r r a y  g a i n  com- 
b ined  w i t h  h igh  t r a n s m i t t e r  power make p o s s i b l e  moon r e f l e c t i o n s  w i t h  
s u f f i c i e n t  s t r e n g t h  t o  perform p r e c i s e  dopp le r  and p o l a r i z a t i o n  measure- 
ments .  
2 
The r e t u r n e d  s i g n a l ' s  dopp le r  s h i f t  is  a f u n c t i o n  of bo th  r ange  ra te  
and t h e  radar wave ' s  phase  v e l o c i t y  ove r  t h e  p a t h .  By per forming  t h e  
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measurement on 25 and 50 m c  s imul taneous ly ,  it is  p o s s i b l e  to  c a n c e l  
r a n g e  ra te  and l e a v e  o n l y  t h a t  p a r t  due t o  change i n  phase  v e l o c i t y .  Th i s  
c o n t r i b u t i o n  is  t y p i c a l l y  a f e w  t e n t h s  of a c y c l e  p e r  second and i s  a 
measure of t h e  change of e l e c t r o n  con ten t  o v e r  t h e  e n t i r e  earth-moon p a t h .  
A t  t h e  same t i m e  t o t a l  p o l a r i z a t i o n  r o t a t i o n  of t h e  s i g n a l  is  measured 
and ,  from t h i s ,  t o t a l  ionosphe r i c  e l e c t r o n  c o n t e n t  can be de r ived .  I t  i s  
possible t o  s e p a r a t e  t h e  ionospher ic  change from t h a t  o c c u r r i n g  i n  t h e  
rest of t h e  p a t h  because t h e  s i g n a l ' s  p o l a r i z a t i o n  is determined by a 
combinat ion of t h e  e a r t h ' s  magnetic f i e l d  and i o n i z a t i o n ,  w h i l e  t h e  dopp le r  
measurement is  s e n s i t i v e  t o  i o n i z a t i o n  change on ly .  R e s u l t s  of t h e s e  
i n v e s t i g a t i o n s  have been pub l i shed  e l sewhere .  [Ref s .  1, 21 
EQUIPMENT 
The v a r i o u s  areas w i t h i n  t h e  d i s c i p l i n e s  of radio and r a d a r  astronomy 
p l a c e  d i f f e r e n t  requi rements  upon antennas.  Many of t h e s e  requi rements  
are obvious ,  s u c h  as t h e  h i g h  angu la r  r e s o l u t i o n  a t t a i n a b l e  w i t h  i n t e r f e r o -  
meters and t h e  high-gain,  narrow-beamwidth o b t a i n e d  w i t h  large d i s h e s  a t  
s h o r t  wavelengths .  I n  t h e  p r e s e n t  case, however, t h e r e  are s e v e r a l  o t h e r  
factors  to  cons ide r .  
The r a d a r  produces  i ts  informat ion  p r i n c i p a l l y  i n  t h e  form of t i m e  
d e l a y ,  p o l a r i z a t i o n ,  dopp le r  sp read ,  and s i g n a l  s t r e n g t h ,  w i t h  angu la r  
r e s o l u t i o n  u s u a l l y  be ing  of less importance.  High g a i n  i s  d e s i r a b l e  from 
t h e  s igna l - to -no i se  r a t i o  s t andpo in t ,  bu t  t h e  p o s s i b i l i t y  of s e v e r a l  deg rees  
of r e f r a c t i o n  i n  t h e  e a r t h ' s  ionosphere makes t h e  nar rowes t  u s a b l e  beam- 
wid th  f a l l  between about  0.5 and 3 degrees .  A d i s h  would have t o  be 1000 
fee t  i n  d i ame te r  t o  produce a t h r e e  deg ree  beamwidth a t  25  m c  and, even 
f o r  these l o w  f r e q u e n c i e s ,  a f u l l y  steerable one would be q u i t e  expens ive .  
There  are a number of cheaper  a l t e r n a t i v e s  i n c l u d i n g  d i s h e s  and c y l i n d e r s  
of l i m i t e d  s t e e r a b i l i t y  b u t  t h e  m o s t  economical  arrangement  is  t h a t  of a 
f i x e d  a r r a y  w i t h  beam movement accomplished by v a r i a b l e  phas ing .  Exper ience  
w i t h  b o t h  t y p e s  of an tennas  i n  t h e  p a s t  h a s  shown t h a t  t h e  cost f o r  a f u l l y  
s t e e r a b l e  a p e r t u r e  can be f i v e  t o  ten  t i m e s  as g r e a t  as t h a t  f o r  an  equiv-  
a l e n t  f i x e d  a r r a y .  By s e l e c t i n g  a r r a y  o r i e n t a t i o n  and shape  p r o p e r l y ,  i t  
i s  p o s s i b l e  to  produce a f a n  beam, n a r r o w  i n  d e c l i n a t i o n  and wide i n  r i g h t  
a scens ion ,  t o  p r o v i d e  d a t a  s e v e r a l  hours  p e r  day. 
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S i n c e  it  w a s  d e s i r e d  t o  have f l e x i b i l i t y  t o  work w i t h  o t h e r  e x p e r i -  
menters  who have l a r g e  an tennas  on s e v e r a l  d i f f e r e n t  f r e q u e n c i e s ,  i t  w a s  
dec ided  to  b u i l d  a frequency-independent a r r a y  to  cover  t h e  t r a n s m i t t e r ' s  
f u l l  d e s i g n  r ange  of 20 t o  55 mc .  An i n i t i a l  t h e o r e t i c a l  and model s t u d y  
performed by Granger  Associates of P a l o  A l t o ,  C a l i f o r n i a ,  i n d i c a t e d  t h a t  
t r ansposed  d i p o l e  log p e r i o d i c  antennas w i t h  t h e  apex a n g l e s  (a & $ )  = 60' 
and  t h e  d e s i g n  factor (T) = 0.9 would be s u i t a b l e  as i n d i v i d u a l  a r r a y  ele- 
ments.  Th i s  c o n f i g u r a t i o n ,  shown i n  F ig .  1, produces e q u a l  E and H p l a n e  
beamwidths of about  60 degrees .  Two-inch open-wire  l i n e  r u n s  f r o m  t h e  
apex  back t o  t h e  cross boom and down t h e  suppor t  p o l e .  The s m a l l ,  s t r u c t u r a l  
cross p i e c e  n e a r  t h e  nose  is  a micarta block.  The 36-foot main b o o m s  and 
cross b o o m s  are 4-inch aluminum (6061-T6) t u b e  and t h e  i n d i v i d u a l  e lements  
are 1-inch aluminum tube .  An assembled an tenna  weighs 225 l b s  and has  
been des igned  t o  wi ths t and  70 mph winds.  Feed p o i n t  impedance is  470 ohms 
w i t h  less than  2/1 VSWR o v e r  m o s t  of t h e  d e s i g n  range.  
such  as t h i s  have been s u c c e s s f u l l y  used t o  f e e d  t h e  S t a n f o r d  Research  
I n s t i t u t e ' s  150-foot d i s h  a t  powers to  50 kw w i t h  no breakdown. 
I n d i v i d u a l  e lements  
For ty -e igh t  of t h e s e  e lements  are used i n  t h e  a r r a y .  The f i n a l  
c o n f i g u r a t i o n ,  shown i n  F ig .  2, c o n s i s t s  of t w o  r o w s  of 24 an tennas  each ,  
w i t h  50-foot s e p a r a t i o n  between an tennas  and 65 f ee t  between r o w s .  These 
s e p a r a t i o n s  r e p r e s e n t  a compromise between main lobe shape  and t h e  need 
fo r  l o w  mutual  coup l ing  between elements .  Mutual impedances are ve ry  
impor t an t  i n  t h e  phas ing  of arrays w i t h  t h e  c o r p o r a t e  type  of f e e d ,  and 
t h e y  must be made s m a l l  i f  beam p o s i t i o n  is t o  be c a l c u l a t e d  a c c u r a t e l y  
and s imply.  C o r r e c t i o n s  a r e  p o s s i b l e  i n  t h e o r y  bu t  r e q u i r e  such  complete  
knowledge of an tenna  impedance and mutual  impedance for  each  f requency  
used  t h a t  t h e  p r a c t i c a l  problem was more e a s i l y  so lved  i n  t h i s  case by 
i n c r e a s i n g  element  spacing.  S ince  t h e  e lements  are more than  a wave- 
l e n g t h  a p a r t  a t  20 m c  and  are q u i t e  d i r e c t i v e ,  t h e  mutual  coup l ing  problem 
is small. 
duced is about  2' t h i c k  n o r t h  to sou th  and 30' wide east to  w e s t .  
I n d i v i d u a l  an tennas  are aimed a t  a 60' e l e v a t i o n  a n g l e  so t h a t  t h e i r  
e l e v a t i o n  3-db p o i n t s  f a l l  a t  30' and 90'. 
O r i e n t a t i o n  of t h e  a r r a y  i s  N-S (186O t r u e )  and t h e  beam pro-  
A g e n t l e  h i l l s i d e  w i t h i n  a q u a r t e r  m i l e  of t h e  t r a n s m i t t e r  b u i l d i n g  
w a s  s e l e c t e d  as t h e  a r r a y  s i te .  This  c h o i c e  w a s  d i c t a t e d  by t h e  t r a n s -  
m i t t e r  l o c a t i o n  and t h e  a v a i l a b l e  land  coupled w i t h  t h e  desire t o  minimize 
- 3 -  SEL-64-104 
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f e e d  l i n e  losses. The p l a n e  of t h e  a r r a y  s l o p e s  7 .5  deg rees  t o  t h e  south .  
F i g .  3 compares t h e  a r ray ' s  beam shape  f o r  s e v e r a l  e l e v a t i o n  a n g l e s  w i t h  
t h e  d e c l i n a t i o n  of a c e l e s t i a l  o b j e c t  as a f u n c t i o n  of t i m e .  I t  can be 
seen  t h a t  l i m i t e d  s t e e r i n g  i n  d e c l i n a t i o n  is  needed to  keep t h e  2 deg ree  
beam on target f o r  a two-hour per iod .  The s l o p e  of t h e  a r r a y  h e l p s  s o l v e  
t h i s  problem to  a n  ex ten t ,  and a s t e e p e r  s l o p e  would h e l p  even more though 
e x p e r i e n c e  has  shown t h a t  t h e  p r e s e n t  h i l l  is  about  as s t e e p  as is  p r a c t i c a l  
f o r  maintenance and  phasing.  
Power d i s t r i b u t i o n  is accomplished e n t i r e l y  w i t h  open w i r e  l i n e .  Once 
power l e a v e s  t h e  t r a n s m i t t e r  balanced coax, it is immediately s p l i t  i n t o  
a s e p a r a t e  feed l i n e  f o r  each row of 24 l o g  p e r i o d i c s .  These main f e e d  
l i n e s  are four  No. 6 w i r e s  run  as s ide-connected l i n e  to  t h e  a r r a y  c e n t e r  
approximate ly  1600 feet  away [Refs .  3, 41. The main t a p  p o i n t  a t  t h e  
t r a n s m i t t e r  end is  c o n s t r u c t e d  i n  s u c h  a manner that t h e  t w o  r o w s  of 
a n t e n n a s  can be fed w i t h  any  phase r e l a t i o n s h i p  between 0" and 360", t h u s  
p o s i t i o n i n g  t h e  f a n  beam i n  azimuth. Once power r eaches  each  s i d e  of t h e  
a r r a y ,  i t  is d i v i d e d  t h r e e  ways and s p l i t  amongst t h e  an tennas  as shown 
i n  Fig. 4. Each power s p l i t t i n g  p o i n t  a f t e r  t h e  three-way d i v i s i o n  is  
a c t u a l l y  a movable t a p  bar as shown i n  F i g .  5 and can be p o s i t i o n e d  to  
g i v e  Oo - 360" phase  d i f f e r e n c e  between any group of an tennas .  
is  used between groups  of 4 ,  groups of 2 ,  and ,  f i n a l l y ,  between p a i r s .  
S i n c e  t h e  t a p  b a r s  are a ha l f -wavelength  long  a t  20 m c ,  g i v i n g  If: 90" phase  
d i f f e r e n c e ,  a 180" l i n e  r e v e r s a l  has  been provided  a t  one  end of each t a p  
ba r .  
T h i s  method 
A l l  impedance matching i n  t h e  a r r a y  is done by means of 4 w i r e  t a p e r e d  
s e c t i o n s  and n o  f r equency  dependent lumped c o n s t a n t s  or s t u b s  are  used 
[ R e f .  51. 
a t  235 ohms, i t  can be seen  that t h e r e  a re  o v e r  40  t a p e r e d  s e c t i o n s  i n  t h e  
a r r a y .  
S i n c e  each  an tenna  i s  470 ohms and a l l  power t app ing  i s  done 
Phas ing  t o  any  d e c l i n a t i o n  between +37.5 and -22.5 d e g r e e s  can be 
accomplished by t w o  men i n  about  t w o  hours .  Phas ing  c o n s i s t s  of p l a c i n g  
t h e  t a p  bars and connec t ing  t h e  phase r e v e r s a l  p o i n t s  to  computed p o s i t i o n s .  
T h i s  sets t h e  beam t o  a f i x e d  p o s i t i o n  and t h e  c o r r e c t i o n  i n d i c a t e d  i n  
F i g .  3 is  then  made w i t h  " l i n e  s t r e t c h e r s "  which smoothly add or  s u b t r a c t  
up t o  20  feet  of t r ansmiss ion  l i n e  between t h e  groups  of e i g h t  an tennas .  
- 6 -  SEL-64-104 
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FIG. 4. SCHEMATIC OF THE ARRAY POWER DISTRIBUTION AND 
PIt4SING SYSTEM. 
FIG. 5. SLIDING TAP BAR AT POWER SPLITTING POINT. 
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These stretchers are i n d i c a t e d  by t h e  l e t te r  0 i n  F i g .  4 and are  
p i c t u r e d  i n  F i g .  6. They are cont inuous ly  v a r i a b l e ,  t e l e s c o p i n g  t u b e s  
r emote ly  c o n t r o l l e d  f r o m  t h e  t ransmi t te r  b u i l d i n g ,  making i t  p o s s i b l e  t o  
raise or lower t h e  an tenna  beam by t w o  degrees f r o m  t h e  c e n t r a l  p o s i t i o n .  
An a d d i t i o n a l  c o r r e c t i o n  is  necessary  a t  l o w  e l e v a t i o n  a n g l e s  where 
t h e  wave must t r a v e r s e  a r e l a t i v e l y  long  p a t h  i n  t h e  ionosphere .  T h i s  
can  be seen  i n  F i g .  7 [ R e f s .  6,  71 where ionosphe r i c  r e f r a c t i o n  i n  d e g r e e s  
is  p l o t t e d  a g a i n s t  v e r t i c a l  inc idence  c r i t i ca l  f requency .  Phas ing  t o  
correct fo r  r e f r a c t i o n  i s  normally done based on CRPL p r e d i c t i o n s  fo r  t h e  
in t ended  o p e r a t i n g  p e r i o d .  The accuracy  of t h i s  c o r r e c t i o n  is u s u a l l y  
s u f f i c i e n t  though l u n a r  work is g e n e r a l l y  restricted t o  e l e v a t i o n s  g r e a t e r  
t h a n  40' o r  to  e a r l y  morning hours  when t h e  c r i t i c a l  f r equency  is  l o w  
and l i n e  stretchers a l o n e  can  correct t h e  error. 
Mechanical and e lec t r ica l  c o n d i t i o n  of t h e  a r r a y  is  monitored by 
c o n t i n u o u s l y  r eco rd ing  cosmic no i se .  
where t h e  passage of the  g a l a x y ' s  p l a n e  a t  0640 is  q u i t e  ev iden t .  
large s p i k e s  on  t h i s  trace are caused by local  p u l s e  t r a n s m i t t e r s  which 
perform ionosphe r i c  sounding on an au tomat i c  program. A t  10 a . m .  t h e  
r e c o r d i n g  goes to  z e r o  w h i l e  the t r ansmi t - r ece ive  s w i t c h  is  locked i n  
t h e  t r a n s m i t  p o s i t i o n  f o r  radar warmup. The so l id  trace from 1200 to  1330 
c o n s i s t s  of moon echoes r e c e i v e d  i n  2 . 5  second i n t e r v a l s  between 2 . 5  second 
t r a n s m i t t e d  p u l s e s .  
and t h e  moon echoes are recorded wi th  1 kc bandwidth.  
A typical  trace is  shown i n  F i g .  8 
The 
C o s m i c  n o i s e  records are taken  u s i n g  16 kc bandwidth 
PERFORMANCE 
B a s i c  an tenna  t o l e r a n c e  t h e o r y  [ R e f .  81 is u s e f u l  bo th  i n  d e c i d i n g  
Qn d e s i g n  t o l e r a n c e s  and i n  e v a l u a t i n g  performance. The d i r e c t i v i t y  
achievement  factor  is  
c =  
d e f i n e d  as  
1 - achieved  d i r e c t i v i t y  
des ign  d i r e c t i v i t y  2 1 + C €  
i 
where E is  the  complex f r a c t i o n a l  d e p a r t u r e  from the  p e r t u r b e d  mean of 
a r r a y  i l l u m i n a t i o n  due t o  mechanical and e lectr ical  errors. 
i 
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F I G .  6 .  MOTOR DRIVEN L I N E  STFUITCHER SHOWN EXTENDED HALF’-WAY. 
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VERT1 GAL INCIDENCE CRITICAL FREQUENCY (Mc) 
FIG. 7. IONOSPHERIC REFRACTION AT 25 M c  VS VERTICAL INCIDENCE 
CRITICAL FREQUENCY. 
The combinat ion of mechanical  errors i n  an tenna  p o s i t i o n  (k 6 i n c h e s )  
and f e e d  l i n e  l e n g t h s  (k 2 i n c h e s )  r e s u l t s  i n  
a l e n t  t o  a loss i n  forward  g a i n  of 0.13 db. The main cause  of d i r e c t i v i t y  
loss ,  however, l ies  i n  t h e  r e l a t i v e l y  poor  i l l u m i n a t i o n  caused by a c c e p t -  
i n g  impedance mismatches f o r  t h e  sake of bandwidth. I n  t h e  w o r s t  measured 
case, t h i s  can cause  a 2/1 v a r i a t i o n  i n  i l l u m i n a t i o n  or 
is  e q u i v a l e n t  to  a loss of forward g a i n  of 0 . 4  db. I l l u m i n a t i o n  is u s u a l l y  
much b e t t e r  t han  t h i s  (depending on phas ing  and f r equency) ,  w i t h  t h e  r a t i o  
t y p i c a l l y  running  about 1.2/1,  which r e p r e s e n t s  a loss of less than  0.1 db. 
Feed l i n e  losses amount t o  0.6 db. 
= 0.97 which is equiv-  
< = 0.92,  which 
The a r r a y  h a s  been s u c c e s s f u l l y  used on s e v e r a l  f r e q u e n c i e s  around 
25 and 50 m c  and has  proven w e l l  a b l e  t o  hand le  t h e  f u l l  power of bo th  
t r a n s m i t t e r s  running  s imul taneous ly .  Array  g a i n  has  been measured a t  
26 .3  m c  u s i n g  moon bounce s i g n a l s  compared t o  a r e f e r e n c e  d i p o l e  above a 
ground screen. R e s u l t s  i n d i c a t e  a measured g a i n  of 2 5 . 3  db  ove r  i s o t r o p i c  
as a g a i n s t  25 .9  db c a l c u l a t e d .  
- 11 - SEL-64-104 
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CONCLUSION 
An array of this type represents a very modest investment when com- 
pared with a fully steerable antenna of equivalent aperture. The ability 
to employ the array on many frequencies has proven to be one of its most 
useful features, and the multiple element configuration makes it easily 
adaptable for extremely high powers. Similar power distribution and con- 
struction techniques could well be used in future installations with an 
individual high-power amplifier at each antenna. This would be a rela- 
tively easy and reliable method of obtaining 10 db sensitivity over the 
present system, and would make remote, rapid beam steering possible. 
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APPENDIX: DESCRIPTION OF STANFORD LPA ARRAY PHASING 
The 48-element l og  p e r i o d i c  a r r a y  is b u i l t  on a h i l l s i d e  w i t h  t h e  
p l a n e  c o n t a i n i n g  t h e  a r r a y  e l e m e n t s  s l o p i n g  7-112 degrees  t o  t h e  south .  
Therefore, when t h e  a r r a y  is  f e d  w i t h  a l l  e lements  i n  phase ,  t h e  c e n t e r  
of i t s  beam is d i r e c t e d  t o  a n  e l e v a t i o n  a n g l e  of 82.5 degrees  from t h e  
s o u t h e r n  hor izon .  
The power d i s t r i b u t i o n  of t h e  a r r a y ,  a "corpora te"  or branching  f e e d ,  
is shown i n  Fig. 9. 
i n d i v i d u a l  an tennas  t o g e t h e r  i n  such a way t h a t  waves a r r i v i n g  from a 
p a r t i c u l a r  d i r e c t i o n  add  i n  phase.  T h i s  can be demonstrated f o r  t h e  case 
of a p a i r  of r a d i a t o r s  such  as 
D i r e c t i v i t y  i s  achieved  by summing s i g n a l s  from 
and A2 i n  Fig. 10. A1 
TO TRANSMITTER 
FIG. 9. SCHEMATIC OF THE ARRAY POWER DISTRIBUTION 
AND PHASING SYSTEM. 
A1' Energy t r a v e l i n g  f r o m  t h e  d i r e c t i o n  8 a r r i v e s  a t  A2 before 
If i t  is  d e s i r e d  to r e c e i v e  maximum energy  f r o m  d i r e c t i o n  0 ,  i t  is  
n e c e s s a r y  t o  d e l a y  t h e  energy  i n  
add ing  i t  to  t h e  energy  from 
t h e  t i m e  t h a t  i t  t a k e s  t h e  s i g n a l  to t r a v e l  d i s t a n c e  
seen  t h a t  t h i s  d i s t a n c e  is e q u a l  t o  D cos0.  F o r  f u l l  s t e e r a b i l i t y ,  t hen ,  
cos0  must be v a r i a b l e  ove r  a l l  va lues  between 0 and 1. 
A2 by an a p p r o p r i a t e  amount b e f o r e  
A1. The amount of d e l a y  r e q u i r e d  e q u a l s  
M1 and it can be  
- 14 - SEL-64-104 
I -  
Figure ll d t 
F I G .  10. TWO ANTENNAS, 
AND A2. 
i l s  the phas ing  arrangem 
A1 
n t  fo r  a i n g l e  p a i r  of an tennas .  
If t h e  movable t a p  bar i s  a t  po in t  J, then  t h e  major lobe is  d i r e c t e d  
normal  to  t h e  p l a n e  c o n t a i n i n g  A1 and A2. Moving t h e  t a p  bar toward 
A decreases t h e  t i m e  of energy  t r a v e l  from A1 and i n c r e a s e s  i t  from 
1 
A2, t h u s  s t e e r i n g  t h e  a r r a y ' s  major r e sponse  away from t h e  z e n i t h  and 
toward t h e  s o u t h .  I n  t h e  a c t u a l  a r r a y ,  t h e  t r ansmiss ion  l i n e s  between 
a n t e n n a s  and groups of an tennas  a r e  l a b e l l e d  w i t h  t h e  let ters A through 
S w i t h  t h e  l e t t e r  J be ing  a t  t h e  p o i n t  of zero phase  d i f f e r e n c e .  Examina- 
t i o n  of F i g s .  9 and 10 w i l l  show t h a t  i f  t h e  v e l o c i t y  of p ropaga t ion  on 
t h e  t r ansmiss ion  l i n e s  equa l s  t h a t  of free space ,  then:  
+MOVABLE TAP BAR 
-TWO WIRE BALANCED 
FIG. 11. PHASING ARRANGEMENT USED TRANSMISSION LINE 
FOR A SINGLE PAIR OF ANTENNAS. 
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It  is t h e r e f o r e  necessa ry  t o  move t h e  t a p  bar o n l y  h a l f  of t h e  desired 
d e l a y  d i s t a n c e .  O r ,  s t a t e d  i n  o t h e r  words, i t  is  necessa ry  t o  be a b l e  t o  
feed t h e  an tennas  w i t h  any phase d i f f e r e n c e  between 0 and 360°, and f o r  
t h i s  purpose  t a p  bars one-half  wavelength long would be necessary .  To 
accompl ish  t h i s  a t  t h e  lowest a r r a y  f requency  of 20  M c  r e q u i r e s  t a p  bars 
about 24 feet long.  Mechanical and cost c o n s i d e r a t i o n s  make t h e  l o n g e s t  
p r a c t i c a b l e  bar about 12 feet. 
phase  d i f f e r e n c e  can  be achieved  w i t h  t a p  movement. The o t h e r  180° is 
o b t a i n e d  by r e v e r s i n g  t h e  open w i r e  f e e d  l i n e  connec t ions  going  t o  t h e  
southernmost  an tenna .  Th i s  is i n d i c a t e d  by t h e  le t ter  X i n  F i g .  11. 
This  means t h a t  180° of t h e  necessa ry  
Correct phas ing  of groups of t w o  an tennas  r e q u i r e s  a t a p  bar s e t t i n g  
t h a t  g i v e s  t w i c e  t h e  d e l a y  r equ i r ed  f o r  a s i n g l e  p a i r .  Th i s  can be  seen  
by r e f e r r i n g  t o  F i g .  12 .  The t a p  bars are set  between 
to  r e c e i v e  energy  f r o m  e l e v a t i o n  ang le  0 .  S i n c e  t h e  d i s t a n c e  f r o m  
to  Aq (2D) is  t w i c e  t h e  d i s t a n c e  between A3 and A4 ,  
T h i s  means t h a t  when t h e  wave f r o n t  a r r i v e s  a t  
as  f a r  to  r e a c h  
t h e r e f o r e  h a s  t o  be t w i c e  as much between A4 and A2 as i t  is  between 
A4 and A3. Th i s  r eason ing  can be extended t o  show t h a t  t h e  phase  
d i f f e r e n c e  must a g a i n  be doubled f o r  p a i r s  of fours .  
AlA2 and A3A4 
A2 
A B  = 2 A B  
2 2  3 3' 
A4, it must t r a v e l  twice 
A2 as i t  must t o  r e a c h  A The d e l a y  added by t h e  t a p  
3' 
\ \ - SOUTH 
A J S  
I 
FIG. 12. PHASING ARRANGEMENT USED BETWEEN PAIRS 
OF ANTENNAS. 
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As spac ing  between i n d i v i d u a l  an tennas  or groups  of an tennas  becomes 
greater than  360°, a d d i t i o n a l  lobes  appear .  Thus, whenever l a r g e  phase  
d i f f e r e n c e s  are r e q u i r e d  between widely spaced an tenna  s e c t i o n s ,  and t h e y  
cannot  be achieved  by moving t a p  p o i n t s  t h e  necessa ry  d i s t a n c e ,  i t  is  
p o s s i b l e  t o  subtract  a n  i n t e g r a l  m u l t i p l e  of 360 degrees  from t h e  t o t a l .  
For example, i f  a difference of 3643' i s  d e s i r e d ,  i t  can  be ob ta ined  by 
s u b t r a c t i n g  10 X 360 l e a v i n g  43O. Th i s  i s  mere ly  s a y i n g  t h a t  t h e  c e n t r a l  
or "white" f r i n g e  of t h e  r e sponse  p a t t e r n  is n o t  a lways t h e  one selected. 
I n  the case of fixed a r r a y s  o p e r a t i n g  over l i m i t e d  e l e v a t i o n  a n g l e s  (less 
t h a n  60' i n  t h i s  case) w i t h  r e l a t i v e l y  narrow bandwidths ,  t h e  compromise 
invo lved  is n e g l i g i b l y  small. 
A typical group of t a p  bar s e t t i n g s  i s  shown i n  Table  I f o r  24 .8  Mc 
where t h e  let ters i n  t h e  le f t -hand  column refer t o  t a p  bar p o s i t i o n  and 
X 
t h e  p o s i t i o n  of each  u s a b l e  f r i n g e  i n  t h e  r e sponse  p a t t e r n .  
d e n o t e s  a 180' phase  r e v e r s a l .  The e l e v a t i o n  a n g l e  numbers then  t e l l  
By p r o p e r  s e t t i n g  of t a p s  through o u t  t h e  a r r a y ,  i t  is  t h u s  p o s s i b l e  
to  phase  t h e  beam of t h e  groups of e i g h t  an tennas  t o  a d e s i r e d  e l e v a t i o n  
ang le .  The one  problem remaining i s  to  combine the energy  from t h e  s i x  
groups  i n  such  a manner t h a t  a narrow beam i n  t h e  d e s i r e d  d i r e c t i o n  i s  
achieved .  
The energy  f r o m  each  group of e i g h t  on one r o w  of t h e  a r r a y  i s  brought  
t o  a common p o i n t  th rough e q u a l  l eng th ,  ba lanced  twowire t r a n s m i s s i o n  
l i n e .  One main l i n e  f r o m  t h e  r a d a r  is connec ted  a t  t h i s  p o i n t  th rough 
s u i t a b l e  impedance t r ans fo rming  t ape red  s e c t i o n s .  The o t h e r  r o w  of t h e  
a r r a y  i s  connected i n  a n  i d e n t i c a l  manner t o  a second main t r ansmiss ion  
l i n e  which a lso goes  to  t h e  r ada r .  This  d i v i s i o n  i n t o  t w o  main l i n e s  
makes independent  o p e r a t i o n  of antenna h a l v e s  p o s s i b l e  w h i l e  a l so  a l lowing  
beam s lewing  or s p l i t t i n g  i n  azimuth by p r o p e r  ad jus tment  of phas ing  l i n e s  
a t  t h e  r a d a r  b u i l d i n g .  S ince  t h e  e l e v a t i o n  beamwidth of e i g h t  an tennas  
i s  approximate ly  s i x  degrees  and t h a t  of t h e  combined a r r a y  is about t w o  
d e g r e e s ,  it is  appa ren t  t h a t  i f  t h e  phasing between octets  i s  made smoothly 
v a r i a b l e ,  t h e  t w o  deg ree  beam could  be slewed up and  down by as much as  
t h r e e  deg rees .  Th i s  is accomplished by t h e  u s e  of remote ly  c o n t r o l l e d ,  
t e l e s c o p i n g  t r ansmiss ion  l i n e  sect ions  ( l i n e  s t r e t c h e r s ] .  These are 
r e p r e s e n t e d  by t h e  l e t te r  Q i n  F i g .  12. 
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A s  i n  t h e  t a p  bar case, m e c h a n i c a l  c o n s i d e r a t i o n s  l i m i t  t h e  amount 
of ttstretchtr a v a i l a b l e  to  a h a l f  wavelength a t  20 Mc. Thus t o  get t he  
r e q u i r e d  0 t o  360° v a r i a t i o n  i t  i s  necessa ry  t o  
each  l i n e  s t r e t c h e r  f o r  c e r t a i n  e l e v a t i o n  a n g l e s .  Th i s  l i m i t s  r emote ly  
c o n t r o l l e d  s lewing  to  abou t  a 3' range,  s i n c e  t h e  Xing is a manual 
o p e r a t i o n  r e q u i r i n g  a s p e c i a l  phasing-jeep and wrenches.  , 
X the open w i r e  l i n e  a t  
I n  a r e c e i v i n g  a r r a y  t h e  necessary  phase  r e v e r s a l s  could  be  e a s i l y  
accomplished w i t h  r e l a y s .  The lowest power l e v e l  encountered  i n  t h e  W A  
a r r a y ,  however, i s  6 kw and such  a scheme, though p o s s i b l e ,  would be 
c o s t l y .  
The phas ing  described is e f f e c t i v e  o v e r  an e l e v a t i o n  r ange  of 30 to  
90 degrees. 
l o g  p e r i o d i c  e lements  which are directed toward an e l e v a t i o n  of 60'. 
combined beam of a l l  e lements  is approximately 2' t h i c k  i n  e l e v a t i o n  and 
30° w i d e  i n  azimuth. 
This  l i m i t  is  imposed by t h e  60' beamwidth of t h e  i n d i v i d u a l  
The 
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